The pK a values of ionizable groups in proteins report the free energy of site-specific proton binding and provide a direct means of studying pH-dependent stability. We measured histidine pK a values (H3, H22, and H105) in the unfolded (U), intermediate (I), and sulfate-bound folded (F) states of RNase P protein, using an efficient and accurate nuclear magnetic resonance-monitored titration approach that utilizes internal reference compounds and a parametric fitting method. The three histidines in the sulfate-bound folded protein have pK a values depressed by 0.21 ± 0.01, 0.49 ± 0.01, and 1.00 ± 0.01 units, respectively, relative to that of the model compound N-acetyl-L-histidine methylamide. In the unliganded and unfolded protein, the pK a values are depressed relative to that of the model compound by 0.73 ± 0.02, 0.45 ± 0.02, and 0.68 ± 0.02 units, respectively. Above pH 5.5, H22 displays a separate resonance, which we have assigned to I, whose apparent pK a value is depressed by 1.03 ± 0.25 units, which is ∼0.5 units more than in either U or F. The depressed pK a values we observe are consistent with repulsive interactions between protonated histidine side chains and the net positive charge of the protein. However, the pK a differences between F and U are small for all three histidines, and they have little ionic strength dependence in F. Taken together, these observations suggest that unfavorable electrostatics alone do not account for the fact that RNase P protein is intrinsically unfolded in the absence of ligand. Multiple factors encoded in the P protein sequence account for its IUP property, which may play an important role in its function.
lectrostatic interactions are an important determinant of biomolecular structure and function and play a central role in modulating stability. 1 Ionizable group pK a values provide a sensitive and specific probe of the electrostatic component of the energetics of salt bridges, 2 buried charged groups, 3 catalytic groups in enzyme active sites, 4 and protein conformational equilibria. 5 The pH dependence of protein stability is reflected in differences in pK a values of charged groups in the folded and unfolded states. Histidine residues in particular play a critical role in protein folding and function. With pK a values near the physiological pH range, they can act as an acid or base and exist in either neutral or positively charged states. Thus, the protonation state of histidine actively controls charge balance and in many cases is strongly coupled to the stability of a protein.
Addition of a proton to an ionizable group in a protein is equivalent to a ligand binding reaction, where the ligand is a proton. The effect of this binding on protein stability results from thermodynamic coupling of the folding and binding reactions, as depicted in Scheme 1. In this scheme, C 1 and C 2 represent alternative protein conformations and C 1 H + and C 2 H + represent their proton-bound forms, respectively. Numerous experimental studies have examined the effect of proton binding on the stability of proteins by measuring pK a values. 6−9 To date, most of these NMR investigations have focused on the native state and less on the unfolded state because its low population under physiological conditions makes observation in standard experiments difficult. Denaturing conditions and peptide fragments have been used as a model for the unfolded state and demonstrate that pK a values measured with simple model compounds do not accurately represent the values in the unfolded state. 10, 11 Tollinger et al. measured both unfolded and folded pK a values for the Nterminal SH3 domain from the drk protein under nondenaturing conditions, taking advantage of the fact that it exists in an approximate 1:1 equilibrium between native and unfolded conformations at neutral pH. 12 Here, we take advantage of the intrinsically unfolded (IUP) property of the protein subunit of Bacillus subtilis RNase P holoenzyme (P protein) to measure the histidine pK a values (H3, H22, and H105) of its unfolded (U), partially folded (I), and sulfatebound folded (F) states. The locations of these groups are shown in Figure 1 . The histidine residues are solvent accessible and well distributed on the protein in all three conformational states.
Like many other RNA binding proteins, P protein is highly charged. It is comprised of 11 Arg, 19 Lys, 3 His, 4 Asp, and 9 Glu residues. P protein is predominantly unfolded when not bound to its cognate RNA or small molecule anions. Under these low-ionic strength conditions, the populations of U and I are ∼85 and 15%, respectively, with no detectable folded protein. 13 The tendency to unfold to U or I under these conditions was previously attributed to the large net charge, which would produce more unfavorable electrostatic interactions in the more compact folded state than in the unfolded state. 13 Addition of various small anions (e.g., sulfate) or the osmolyte trimethylamine N-oxide (TMAO) induces the protein to fold to its native α−β structure.
14 Circular dichroism, 14 NMR paramagnetic relaxation enhancement, 15 and stoppedflow fluorescence 16 experiments along with isothermal titration calorimetry 16 established that P protein has two high-affinity anion binding sites. This property provides experimental control of the conformation of P protein, thereby allowing determination of the pK a values of individual conformational states.
Our previous kinetic and equilibrium studies of TMAOinduced folding of P protein as well as NMR experiments demonstrated the presence of a partially folded intermediate in its folding mechanism. 13 , 15 1 H− 15 N HSQC NMR spectra collected as a function of pH showed that increasing pH, from 5.0 to 7.0 in steps of 1 pH unit, shifts the U−I conformational equilibrium toward I in the absence of sulfate and the I−F equilibrium toward F in the presence of sulfate. These effects were attributed to the unfavorable electrostatic interactions in the more compact forms of the protein. 13 Stopped-flow studies showed that binding of pyrophosphate to P protein shifts the conformational equilibrium toward I and F by both increasing the folding rate constants and decreasing the unfolding rate constants. 16 The order in which binding and conformational change occur depends on ligand concentration.
In the work described here, we applied an accurate and precise NMR titration approach using internal reference compounds to determine the pK a values of the three histidines in RNase P protein in the U, I, and F conformational states. Because proton binding affinities are coupled to conformational change, it is possible to estimate the electrostatic contribution to the conformational energetics from pK a values. We conclude that the effect of electrostatics on the conformational equilibrium, while detectable, is insufficient to fully explain the IUP property of P protein.
■ MATERIALS AND METHODS
Expression and Purification of P Protein. The F107W version of P protein used in our previous studies was the default background used here. 13 The histidine variants of P protein (H3A, H22A, and H105A) were generated in this background. These site-directed mutational plasmids were constructed using the QuikChange procedure (Stratagene). The F107W and histidine variants were overexpressed in Escherichia coli [BL21(DE3) pLysS] cells and purified via method 1 as previously described 17 with the following modifications (B. subtilis strain 168; UniProtKB entry P25814). A single colony was inoculated into 50 mL of LB medium containing 50 μg/mL kanamycin and 17 μg/mL chloramphenicol and grown at 37°C until the OD 600 reached 0.8−0.9. The culture was diluted into two 1 L M9 minimal medium cultures containing the same antibiotics and all 20 amino acids. All amino acids were the Lisomer and included 18 0.8 mM Ala, 0.4 mM Arg, 0.4 mM Asn, 0.4 mM Asp, 0.1 mM Cys, 0.6 mM Glu, 0.6 mM Gln, 0.8 mM Gly, 0.4 mM Ile, 0.8 mM Leu, 0.4 mM Lys, 0.2 mM Met, 0.4 mM Phe, 0.4 mM Pro, 10.0 mM Ser, 0.4 mM Thr, 0.1 mM Trp, 0.2 mM Tyr, and 0.6 mM Val. For the F107W variant, histidine labeling was effected by substitution of the unlabeled compound in the medium with [ring-2-
13 C]-L-histidine (40 mg/L). For the histidine mutants, the minimal medium cultures were enriched with 2 g/L [
13 C]glucose and 1 g/L [
15 N]ammonium chloride. The culture was incubated at 37°C until the OD 600 reached 0.8−1.0. Expression of P protein was induced by the addition of 0.4 M isopropyl thio-β-Dgalactopyranoside (IPTG), and the culture was incubated for an additional 4−5 h at 37°C. The cells were harvested by centrifugation at 4°C (7300g for 20 min) and resuspended in 20 mL of lysis buffer [50 mM Tris (pH 8.0), 5 mM EDTA, and 10% glycerol] per liter of culture broth. The cells were then lysed when the cell suspension was passed through a French pressure cell at 17000 psi. The pooled fractions of P protein that eluted from the second CM Sepharose column were concentrated using Thermo Scientific Pierce Protein concentrators, 9K Molecular Weight Cut Off (MWCO), to a volume of ∼1 mL. Then, the remaining protein was buffer exchanged 
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(A) Front and side views of the electrostatic surface potential of P protein show that this protein is highly basic. Positively and negatively charged surfaces are colored blue and red, respectively. (B) Front and side views of the ribbon model of P protein show the three histidine residues in green (H3, H22, and H105) and a close-up of the sulfate binding site located between the second α-helix and N-terminus. The electrostatic surface potential was calculated using APBS 44 and visualized in Chimera. 45 into 6 M guanidine hydrochloride and 50 mM Tris (pH 7.5) and concentrated to a volume of ∼750 μL. The concentrated sample was loaded onto an S-100 column equilibrated with 6 M guanidine hydrochloride and 50 mM Tris (pH 7.5) 13 C doubly uniformly labeled F107W H3A, H22A, or H105A P protein, 10 mM L-histidine, 10 mM pyridine, 10% D 2 O, 1 mM trimethylsilyl propanoic acid (TMSP), and 0.05% sodium azide. The sample used for the pH titration of liganded P protein was the same as that for unliganded P protein but also contained 20 mM sodium sulfate. pH titrations of liganded P protein were performed with no added NaCl and in 0.15, 0.5, and 1.0 M NaCl. All spectra were referenced against the position of the TMSP peak, whose pH dependence was accounted for. 20 , 21 1 H− 13 C HSQC spectra were collected from pH 4.0 to 8.0. Pyridine was present in the sample to ensure that the solution was well buffered throughout the entire pH range and was chosen because it is not an anion and will not induce folding of P protein. NaOH (1 M) was titrated into the NMR tube using a 5.0 μL Hamilton syringe with polyethylene tubing attached to the tip of the needle. 
where δ A and δ HA are the plateau values of the chemical shifts in the basic and acidic pH limits, respectively, δ obs is the observed chemical shift, and n is the Hill coefficient. 22, 23 The uncertainties in the pK a values and Hill coefficients were obtained from error propagation of the standard errors given by the Mathematica NonlinearModelFit function from the fits of the reference compound titrations and the protein versus reference titrations and are reported as 95% confidence limits ± two standard errors.
The change in ionic strength over the course of a titration is very small. For the protein titrations in the absence and presence of sulfate, the changes in ionic strength were calculated to be 0.012 ± 0.01 and 0.011 ± 0.01 M, respectively.
The chemical shifts of L-histidine in the presence and absence of protein when compared at low and high pH are within experimental error and suggest that the internal standard does not interact with the protein. In addition, the sulfate-bound folded state data were fitted using pyridine as the internal standard, and the results are identical to those obtained using Lhistidine as the internal standard (shown in Figure S8 ), which suggests that neither pyridine nor L-histidine interacts with the protein.
The solvent accessibilities of the histidine side chains were calculated using GETAREA. 24 Calculation of pH-Dependent Stability. If the pK a values are known for two different conformational states of a protein, then it is possible to estimate the pH-dependent stability of the protein and the following Tanford−Wyman linkage relationship applies:
where ΔQ is the difference in number of protons bound to the two conformational states that in this case are the intermediate and unfolded states. The integrated form of the equation can be expressed as a summation over the unfolded and intermediate state pK a values, provided that the titration behavior can be described as a set of independently titrating sites.
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where superscripts I and U refer to the intermediate and unfolded states, respectively, i identifies the residue, N is the number of histidines in the protein, R is the gas constant, T is the temperature in kelvin, pK a I,i and pK a U,i are the pK a values for the ith group in the intermediate and unfolded states, respectively, and pH ref is the pH at an arbitrarily chosen reference pH, chosen here to be 7.0. To generate the calculated curve, the ΔΔG U→I values were subtracted from the value of 1.0 ± 0.2 kcal/mol obtained from the experimentally measured stability from urea denaturation and TMAO folding experiments at pH 7.0.
13 This is why the experimental value and calculated curve agree at pH 7. Over the pH range of 4.0−8.0 covered in this study, histidine is the only group likely to titrate, and thus, one can predict the pH dependence of the U ⇌ I equilibrium if the histidine pK a values for both U and I in the absence of sulfate are known.
Determination of Tautomeric State Populations. Both NMR samples used for the tautomer assignments consisted of 300 μM 13 C uniformly labeled F107W P protein, 10 mM Lhistidine, 10 mM pyridine, 10% D 2 O, 1 mM TMSP, and 0.05% 13 C δ2 doublets, which were then averaged. These data were fitted to the following equation using the NonlinearModelFit function of Mathematica: H tautomer given by Platzer et al. 38 Because the titration results indicate Hill coefficients very close to 1, they have been omitted from eq 4.
■ RESULTS AND DISCUSSION
Measuring pK a Values without a pH Electrode. Although they are relatively straightforward to conduct, conventional NMR-monitored pH titration experiments require multiple samples and a pH measurement before and after acquisition of each spectrum. The titration experiments presented here do not require pH measurement because an internal standard or reference acts as an NMR-detected pH meter. Several compounds have been used in the past for this purpose. 26−30 Using this approach, only one sample is needed to generate an entire titration curve, and it is not removed from the NMR tube between points. This procedure conserves protein and allows the use of a higher-concentration NMR sample. The pK a of the reference must be measured separately in the same buffer used for the protein titration and can be obtained by fitting chemical shifts versus pH (as measured by a carefully calibrated pH electrode in an ∼30 mL solution) to eq 1 (see Materials and Methods). Once the chemical shifts of the desired residues and reference from the protein titration are determined, the resulting parametric plots can be fit to determine protein pK a values using the following equation:
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where δ A and δ AH are the plateau values of the protein histidine chemical shifts in the basic and acidic pH limits, respectively, δ R and δ RH are the plateau values of the reference chemical shifts in the basic and acidic pH limits, respectively, δ p and δ r are the observed chemical shifts of the protein histidine and reference, respectively, n R and n A are the Hill coefficients for the reference and protein histidine, respectively, and pK R and pK A are the dissociation constants for the reference and protein histidines, respectively. (pK R and n R were fixed to the values obtained from the fits of the internal standard shown in Figure S2 .) These fits reveal the difference between the pK a of the protein residue and the pK a of the reference (ΔpK a = pK a p − pK a r ). If the two pK a values are the same, a plot of the protein versus reference chemical shifts is a diagonal line with a slope of 1. If the two pK a values are different, there is a deviation from linearity whose curvature (concave or convex) depends on the sign of ΔpK a (see the inset of Figure 2B ). It is important to note that the internal standard chosen must have a pK a value that is close (within ±1 pH unit interval) to the pK a value of the protein ionizable group or the parametric curve will be too steep to allow accurate estimation of the pK a . This method differs from the most similar previous method 31 in that the chemical shifts of the titrating standard are directly used in a parametric equation (eq 5) to determine the unknown pK a values. Also, all acid−base equilibria must be in the fast exchange regime for the chemical shift equations to hold as written. The equilibria observed here were in fast exchange because neither multiple resonances nor extensive line broadening due to intermediate exchange was observed.
One of the advantages of using an internal standard to measure sample pH rather than a pH electrode is that the apparent Hill coefficient of the histidine of interest is not influenced by errors in pH measurement, which can lead to nonunitary Hill coefficients in cases in which there is no neighboring titratable charge. As long as the pK a and n values of the internal standard reference compound are well-known, the Hill coefficient estimated from fits of parametric plots of protein His chemical shift versus internal standard chemical shift to eq 5 should accurately reflect the electrostatic environment of the protein His.
pK a Values of Pyridine Determined from Two Methods Are in Good Agreement. To establish the feasibility of the approach described above, we first measured the pK a values of L-histidine and pyridine in the same buffer used for the P protein titration using one-dimensional (1D) 1 (Figure 2) . Therefore, having established that our approach provides accurate pK a values, we next focused on the three histidines in P protein.
P Protein His pK a Values Determined without a pH Electrode. Chemical shifts of the
13 C ε1 resonances of P protein histidines were determined by 1 H− 13 C HSQC NMR spectroscopy, over a pH range of 4.0−8.0 using a series of 0.05−0.4 μL increments of NaOH, added via a 5.0 μL positive displacement syringe whose needle was extended with polyethylene tubing long enough to reach below the meniscus of the NMR sample (see Figure S1 ). Care was taken to ensure that all of injected NaOH solution reached the sample, which was subsequently well mixed by centrifugation. The frequencies of both nuclei ( 1 H ε1 and 13 C ε1 ) were recorded for each protein histidine. The reference L-histidine and the resulting parametric correlations were fit to eq 5 to determine the pK a values of the protein histidines. The absolute pK a values of the protein histidines were determined using a pK a value of the internal standard, L-histidine, measured using 1D 1 H NMR ( Figure S2 ). ε1 chemical shifts, if the pK a of the protein histidine is lower than that of Lhistidine, the plot will curve below the diagonal line, and if it is greater, it will curve above. The opposite trends are observed with the 13 C ε1 plots ( Figure S3 ). A total of 30 and 31 spectra were collected for the pH titrations of sulfate-bound folded and unfolded P protein, respectively. NMR experiments with histidine to alanine substitution mutants were used to assign residue numbers to each of the three histidine resonances in the F and U state spectra of P protein (see Figure S4) .
The pK a Values of H3, H22, and H105 Are Depressed in U and F. Measured pK a values are sensitive probes of the electrostatic environment of a protonatable group. If a protonated histidine side chain is involved in a favorable electrostatic interaction such as a salt bridge, it will be harder to deprotonate and will have a pK a value higher than that of histidines in an uncharged environment. On the other hand, if the histidine side chain is near other positive charges, it will be easier to deprotonate and will have a lower pK a value. Nonspecific Coulombic interactions experienced by the protonated histidines in a polypeptide with a net charge of +17 should be repulsive and result in depressed pK a values. As a model of a histidine side chain in an electrostatically neutral environment, we used N-acetyl-L-histidine methylamide. The pK a values measured for this compound were 6.44 ± 0.02 and 6.52 ± 0.03, in the two buffers used in this study ( Figure S5) . NMR chemical shifts were used to determine the P protein histidine pK a values listed in Table 1 and Table S1 , respectively. The Hill coefficients, which reflect deviations from ideal singlesite titration and errors in pH, are also listed in Table 1 and S1. These pK a values are similar to those measured in the folded state of another positively charged protein, staphylococcal nuclease (SNase) (pI >10) at low ionic strengths. 32 The observed pK a depressions are also in contrast to those of the negatively charged protein RNase T1 (pI 3.5) where all three of its histidine residues have elevated pK a values ranging from 7.2 to 7.8.
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P protein was examined over a relatively small pH range, 4.0−8.0, corresponding to the expected titration range for histidine, glutamate, and the N-terminus. The average pK a values for glutamate and the N-terminus are 4.2 and 7.7, respectively. 34 These values are more than 1 pH unit from any of the pK a values measured for the P protein histidines. For this reason, we conclude that the titration of glutamate residues and the N-terminus does not significantly affect the pK a measurements of the histidines.
Electrostatic Repulsion Is Greater in the More Compact Folded State. H105 titrates with a pK a value that is 0.3 units lower in F than in U, as expected because the positive charge density should be greater in the more compact and less dynamic F state. As seen in Figure 1 , H105 is located in the folded structure on the third α-helix, and its surrounding microenvironment is electropositive. H105 is the least solventexposed of the three histidine residues in F, which places it in a lower-dielectric environment (Table S2 ). This amplifies the charge−charge interactions between itself and other charged groups like K109 (6.3 Å away in F) and contributes to its lower pK a value. P Protein Histidine Side Chains Are Well-Solvated in both U and F. Although the pK a values of the three histidines in P protein are depressed in all states, the depression is not as great as might be expected for such a basic protein. This moderate suppression could be explained by effective electrostatic screening by solvent water, which would minimize electrostatic interactions with other charges on the protein. Two lines of evidence support this conclusion. First, the Hill coefficients we measured for all three histidines in all states are very close to 1, indicating that the cotitration of the other histidines and any carboxylates with elevated pK a values has no effect on the protonation of each His site. Second, the tautomeric states of all three histidines in both U and F are nearly identical to that of N-acetyl-L-histidine methylamide, which presumably interacts with only water to determine its tautomer equilibrium ( Figure S9 ). These results strongly suggest that P protein histidines are surrounded by water molecules whose dipole moments effectively screen the charged form of the side chain from strong electrostatic interactions with the rest of the protein. This effect minimizes the energetic perturbation caused by protonation of the histidines. If such strong screening occurs at other charged residues, electrostatics may play a relatively small role in the low stability of unliganded P protein. This conclusion calls into question the usual assumption that a large net charge predisposes a protein to be intrinsically unfolded.
The H3−SO 4 Salt Bridge Contributes Moderately to the Stability of the Sulfate-Folded State. In contrast to that of H105, the pK a of H3 is 0.6 units higher in F than in U, which can be rationalized by examining the crystal structure of P protein shown in Figure 1B . 35 H3, along with R9 and R68, coordinates the sulfate ion bound at the anion binding site between the second α-helix and the N-terminus in the folded protein. It is apparent that the pK a of H3 should be increased by the salt bridge it forms with the sulfate ion (3.4 Å away). This region of P protein offers a favorable environment for sulfate association, and the crystal structure of Reiter et al. suggests that its cognate binding partner, P RNA, forms a similar salt bridge with the phosphate backbone of the RNA and the region of the protein where H3 is located. 36 H3 likely plays a key role in both of these binding reactions. However, the difference in pK a values between U and F corresponds to an only −0.82 ± 0.02 kcal/mol contribution to the folding free energy due to proton binding at H3 (see Scheme 1). This relatively small contribution to the stability of the protein is insufficient to elevate the pK a of H3 above that of N-acetyl-Lhistidine methylamide and is a relatively small fraction of the stability of the sulfate-bound folded protein. In general, solventexposed salt bridges seem to play a relatively small role in stabilizing proteins, while buried ion pairs make much larger contributions. The surface salt bridge in ubiquitin between K11 and E34 was estimated to contribute favorably by 0.86 kcal/ mol. 37 In both P protein and ubiquitin, the stabilization is modest in comparison to that of the buried ion pairs found in chymotrypsin and T4 lysozyme that stabilize those proteins by 3−5 kcal/mol. 2, 7 The moderate stabilization by the H3−SO 4 salt bridge is apparently not enhanced by a hydrogen bond between the H3 side chain and a sulfate oxygen, which would affect the tautomeric state populations if it were present. On the basis of model compounds, deprotonation of histidine to its N ε2 H tautomeric form leads to a chemical shift change of approximately −2 ppm (i.e., upfield) for 13 C δ2 , whereas the opposite change of approximately 7 ppm results from formation of the N δ1 H tautomer. 38 Upfield changes in 13 C δ2 shift observed for H3, H22, and H105 with increasing pH ( Figure S9 ) indicate that the N ε2 H tautomer is preferentially adopted in both the unfolded and sulfate-bound folded states. Although the crystal structure of the folded protein shows H3 in the proximity of a bound sulfate, 35 the distance between N δ1 and the closest sulfate oxygen is 2.9 Å, a distance much longer than His N−H− O H-bonds observed in proteins. 45 Apparently, the P protein histidines are well-solvated by water and therefore adopt the same tautomer preferred by the model compound. The P Protein H22 Residue Is Influenced by an α-Helix Dipole. Unlike H3, the pK a of H22 remains unchanged and its pK a in F is within uncertainty of its pK a in U. H22 is located on the negatively charged C-terminal end of the first α-helix in P protein that extends from residue 13 to 22. The orientation of H22 with respect to the α-helix [it is flipped out away from the helix (see Figure 1B) ] suggests that the histidine residue does not likely form a hydrogen bond with a carbonyl oxygen of the backbone. Thus, the lack of folding-induced depression of the H22 pK a value may be due to a favorable electrostatic interaction with the helix dipole that compensates for the presumed increase in positive charge density. Such helix favorable His + −helix dipole interactions have been previously reported. 39, 40 Helices 1 and 3 Are Unfolded in I. An extra histidine peak, which we assigned to H22 (see Figures S6 and S7) , was observed in the P protein NMR spectra when no ligand was present. The intensity of this peak increases from below the detection limit at pH <5.5 to approximately 20 ± 5% of the H22 U peak at pH 6.5. This observation suggests that the extra peak corresponds to a H22 in the I state because previous studies showed that the population of I increases with pH. 15 The two sharp H22 cross-peaks observed in the HSQC spectrum indicate that U and I are in slow exchange relative to the difference in frequency (k ex ≪ 250 s ), which is consistent with a previous measurement of the rate constants of this reaction by stopped-flow fluorescence (k ex = k UI + k IU = 2.1 ± 0.3 s −1 ). 13 The relatively large frequency difference between the U and I H22 peaks at most pH values indicates that the residue is found in quite different magnetic environments in the two species. H22 is located at the end of the first α-helix, while H3 and H105 are located on the first and third α-helices, respectively; the absence of extra peaks for residues H3 and H105 suggests that they are in very similar magnetic environments in U and I. This observation suggests that helices 1 and 3 are likely unfolded in I, which is consistent with our previous observations. 15 The pK a measurements reveal that the pK a of H22 in the intermediate state is depressed relative to those in both the unfolded and folded states. In contrast to the compensating effects of the helix dipole and charge density of F described above, the absence of helix 1 in I precludes this compensation and the increased intramolecular charge repulsion due to the folded central β-sheet and helix 2 in I is the likely cause of the depressed pK a of H22.
H22 Is the Source of the pH Dependence of the Unliganded U to I Equilibrium. Given the histidine pK a values for both U and I in the absence of sulfate, one can predict the pH dependence of the U ⇌ I equilibrium. Scheme 1 can be used to depict the coupled folding and deprotonation reactions between the U and I states at a particular histidine. U with a protonated histidine is represented as C 1 H + , protonated I as C 2 H + , deprotonated U as C 1 , and deprotonated I as C 2 . The effect of histidine deprotonation on the free energy of the U ⇌ I equilibrium can be calculated using the equation given in Scheme 1 11 (see Materials and Methods). Because H3 and H105 have single NMR resonances, we assume that their magnetic environments and therefore electrostatic environments are nearly identical in U and I, which is consistent with our previous studies indicating that these residues are found in the unfolded regions of I. On this basis, we assume that only the deprotonation of H22 perturbs the relative populations of unliganded U and I between pH 4 and 8 and shifts the U ⇌ I equilibrium toward I. The pK a of H22 for the I state is lower than for the U state [corresponding to ΔG U→I − ΔG U + →I + = −0.86 ± 0.09 kcal/mol (see Scheme 1)] and contributes to the stability profile of the protein by stabilizing I relative to U as the pH increases (Figure 4) . This lower pK a value indicates more favorable interactions when H22 is deprotonated in I than in U. The free energy of forming I from U becomes even more positive (unfavorable) at low pH when H22 is protonated, which suggests that H22 is the primary source of the pH dependence of the unliganded U to I equilibrium in the physiological pH range. We can also conclude that lowering the net charge by 3 units does not significantly populate the unliganded F state.
The pK a Values of Sulfate-Folded P Protein His Have a Weak Ionic Strength Dependence. The effect of ionic strength was determined by measuring the pK a values of the sulfate-bound folded state in the presence of 0.15, 0.5, and 1.0 M NaCl (Figure 5A−C) . The results show that the histidine residues in P protein have a weak ionic strength dependence and shift their pK a values by only 0.1−0.2 units between ionic strengths of 0.08 and 1.08 M ( Table 1) . P protein has a large net positive charge, and screening by solution anions might be expected to reduce the pK a depression, as in the case of wildtype SNase where three of four histidine residues exhibited increases of approximately 1 full pK a unit when the ionic strength was increased from 0 to 1.5 M. 32 The authors of this study concluded that in the case of positively charged SNase, high salt sensitivity arises from screening of long-range Coulombic interactions, which in a highly charged protein can add up to yield substantial effects. The lack of a strong ionic strength dependence of histidine pK a values in P protein, whose net charge is similar to that of SNase, is therefore surprising. A likely explanation for the weak ionic strength dependence of P protein is the association of sulfate ions with many different sites on the protein surface in addition to the high-affinity specific binding sites observed in the crystal structure. 16 The apparent affinities of sulfate and chloride at the high-affinity sites differ by a factor of 100, 14 meaning that 20 mM sulfate can be displaced from these sites by only 2 M chloride. If this ratio of sulfate and chloride affinities applies to the nonspecific sites also, then the effect of adding chloride would be minimal at concentrations below 2 M. By this scenario, divalent sulfate interacts weakly but favorably with most or all of the positively charged groups in P protein, including protonated histidines. In . The point at pH 7 is derived from equilibrium cotitration experiments using both TMAO and urea. 13 The curve is calculated using this estimate and the pK a values listed in Table 1 and eq 3 (see Materials and Methods).
support of this interpretation, previous studies have determined the pK a values of the histidine side chain of model compounds, myoglobin, and lysozyme and observed increases of 0.3−0.4 units between 0.02 and 1.5 M NaCl. 41 Kao et al. attributed these changes to favorable interactions between the charged form of the imidazole moiety and solution counteranions at high salt concentrations rather than screening of unfavorable electrostatic interactions. We interpret the weak ionic strength dependence of P protein histidine pK a values in a similar way: favorable interactions between the divalent sulfate ion and the positive surface of P protein effectively eliminate inter-residue electrostatic interactions. Similar interactions in the cell may play the same role, thus suggesting that unfavorable electrostatics may have little or nothing to do with the low stability of P protein and its intrinsically unfolded property.
In conclusion, our data show that the conformational equilibrium between the unfolded and partially folded intermediate states of P protein is favored by the deprotonation of H22. The magnitude of this stabilization is energetically equivalent to the effect of deprotonation of all three histidines on the U to F equilibrium, although the origins of these two stabilizations are probably different. In contrast to another highly basic protein, SNase, the ionic strength does not have a significant effect on the histidine pK a values of folded P protein in the presence of 20 mM Na 2 SO 4 , perhaps because of nonspecific association of sulfate with positively charged side chains. This result implies that pairwise electrostatic interactions in folded P protein are weak and, furthermore, suggests that in general, electrostatic forces do not play a large role in the energetics of this protein.
In addition, it is interesting to note that the intramolecular charge repulsion in U appears to be only somewhat relieved by polypeptide expansion and flexibility because all of the histidine pK a values are still depressed in comparison to those of model compounds. In contrast to this result, previous studies of the unfolded state measured pK a values of negatively charged groups that were ∼0.3 units lower than those of model compounds, suggesting that the net Coulombic interactions in the U state are generally stabilizing. 11, 42, 43 It is unlikely that the depression of His pK a values in P protein can be explained in terms of local interactions with other positively charged residues nearby in the amino acid sequence. Of the three histidines, only H22 has neighboring basic groups, and it has the least depressed pK a in U. It is possible that these low pK a values are governed by solvation effects in addition to a high net charge. Coulomb's law [U = ∑(kq 1 q 2 )/(εr 12 )] reveals that the energy of interaction between an ionizable group and another charge on a protein can be influenced by the charge of either group, the distance between them, and the local dielectric constant of the medium in which they reside. The presence of the unfolded polypeptide chain could reduce the solvent accessibility of the histidine side chains, thereby reducing the polarizability of the environment around the histidines. This partial desolvation would reduce the dielectric constant, which would decrease the histidine pK a values. In future studies, we plan to obtain more quantitative estimates of the effect of the dielectric constant on histidine pK a values by employing our method to measure the pK a values of histidine in model compounds and polypeptides as a function of solvent dielectric constant. 
